BoHV-1) (containing green fluorescent protein and red fluorescent protein genes) and different ruminant alphaherpesviruses, four types of progeny viruses were detected and distinguished according to their phenotype. Frequent recombination events between identical or different strains of BoHV-1 were observed (up to 30%), whereas only two BoHV-1/BoHV-5 recombinants were identified, and no recombinants between BoHV-1 and less closely related caprine and cervine herpesviruses were detected. Restriction analysis of the genomes of the two BoHV-1/BoHV-5 recombinants showed different genetic backgrounds. One possessed a restriction pattern close to BoHV-1, whereas the other one was close to BoHV-5. This exhaustive analysis of each combination of coinfection in a unique situation of five closely related alphaherpesviruses revealed the importance of a high degree of genetic relatedness and similar parental virus growth kinetics for successful interspecific recombination.
Bovine herpesvirus 1 (BoHV-1), a member of the Alphaherpesvirinae subfamily, is a major viral pathogen of cattle. Infection usually goes together with various clinical manifestations such as infectious bovine rhinotracheitis, infectious pustular vulvovaginitis, infectious pustular balanoposthitis, abortion, and generalized systemic infection (44, 60) . BoHV-1 isolates were classified into subtype 1 (BoHV-1.1) and BoHV-1.2 according to distinct restriction enzyme profiles of the genomes (17) . Due to the significant losses in the cattle industry, Europe has initiated a control program based on the use of marker vaccines deleted in the glycoprotein E (gE) gene. These marker vaccines, either inactivated or live attenuated, allow differentiation between vaccinated and infected cattle (67) . In this context, two potential risks need to be accounted for: infection of cattle with heterologous ruminant alphaherpesviruses closely related to BoHV-1 and interspecific recombination between BoHV-1 and related viruses, which could hamper infectious bovine rhinotracheitis eradication programs with BoHV-1 live marker vaccines. Infection of cattle with heterologous ruminant alphaherpesviruses has been demonstrated (41, 54, 59, 62, 63) , whereas there is no evidence of interspecific recombination between ruminant alphaherpesviruses.
BoHV-5, caprine herpesvirus 1 (CpHV-1), and cervine herpesvirus 1 (CvHV-1) and CvHV-2 are related to BoHV-1 and are able to cross the species barrier to infect cattle. BoHV-5 is responsible for fatal meningoencephalitis in calves (19, 40) .
CpHV-1 causes enteritis and generalized infection in neonates.
Although most infections in adults are subclinical, CpHV-1 can induce vulvovaginitis, balanoposthitis, or abortion (3, 27, 57) . CvHV-1, which is widespread in free-living and farmed red deer, was first isolated in 1982 from an outbreak of ocular disease in a red deer farm in Scotland (25) . CvHV-2 was isolated from reindeer in Finland, and serological evidence of infection with a virus related to BoHV-1 has been reported in reindeer in the United States and Canada (14) (15) (16) . Although all of these viruses considerably differ in their virulence and pathogenicity, they are closely related both genetically (46, 47, 66) and antigenically (35, 43) . Moreover, all of these viruses establish, in their specific hosts, a latent infection in a similar manner to that of BoHV-1 (6, 15, 45, 68) .
Some experiments have shown that the related herpesviruses described above are able to cross the species barrier and establish infection in heterologous animal species. For example, CpHV-1 can infect cattle, but reactivation of latent CpHV-1 has not been reported yet in cattle, although viral CpHV-1 DNA has been detected in cattle trigeminal ganglia (54) . Experimental infection of goats with BoHV-1 clearly showed that this virus is able to infect the heterologous host and establish a latent infection (54) . BoHV-1 has also been isolated from a naturally infected goat (62) . Cattle was refractory to CvHV-1 but was successfully infected with CvHV-2 by intranasal challenge (41, 59) . Red deer could be infected after a BoHV-1 challenge, whereas experimental infection of reindeer with BoHV-1 failed (41) . Considering the resistance of cattle to CvHV-1 infection, this virus has not been included in coinfection experiments.
Genetic recombination is a molecular process enabling the creation of new combinations of genetic materials through pairing and shuffling of related DNA sequences. This process functions to maintain chromosomal integrity through recombinational repair and also generates genetic diversity. Four different types of recombination have been described: (i) homologous recombination, which makes use of DNA sequence homology to recognize recombining partners; (ii) site-specific recombination which occurs between DNA molecules sharing little to no sequence homology; (iii) transposition, which occurs for defined DNA sequences (transposable elements) that are recognized by transposon-encoded proteins; and (iv) illegitimate recombination, in which neither sequence homology nor specific sequences can be identified (65) . Homologous and illegitimate recombinations are used by herpesviruses (65) .
Recombination between herpesviruses was first demonstrated in 1955 when wild-type herpes simplex virus 1 (HSV-1) was recovered from mixed inoculations between pairs of temperature-sensitive mutants (70) . Since then, herpesvirus recombination has been studied both in vitro and in vivo between distinguishable strains of HSV-1 or HSV-2 (4, 5, 26, 42, 64) , pseudorabies virus (PrV) (10, 21, 24) , feline herpesvirus 1 (20) , BoHV-1 (39, 51, 52) , and varicella-zoster virus (12) . Timbury and Subak-Sharpe (61) first showed, with HSV-1 and HSV-2, that interspecific recombination could occur between alphaherpesviruses. Moreover, interspecific recombinants such as, for example, BoHV-5 expressing BoHV-1 gC and BoHV-1 expressing BoHV-5 gC, were constructed and showed modified neurotropism (8, 34) . However, these artificial recombinants did not emerge from coinfections. The ability of related ruminant alphaherpesviruses to circulate in the ruminant population is a major threat for the BoHV-1 eradication scheme. Indeed, when animals are coinfected with BoHV-1 and a related ruminant alphaherpesvirus, recombination could generate new viruses increasing the complexity of the eradication scheme. Therefore, in the present study, we chose to assess in vitro the risk of recombination between BoHV-1.2 and a group of four related ruminant alphaherpesviruses (BoHV-1.1, BoHV-5, CpHV-1, and CvHV-2) that could naturally encounter BoHV-1.2. The present study aims to determine to what extent recombination could occur according to the phylogenic distance in a group of closely related viruses such as ruminant alphaherpesviruses related to BoHV-1.
The use of green fluorescent protein (GFP) and red fluorescent protein (RFP) as recombination markers, restriction enzyme profiles, and monoclonal antibodies (MAbs) allowed us to detect in vitro interspecific recombinants between BoHV-1 and BoHV-5 for the first time from coinfections and, especially, to extensively assess recombination between related ruminant alphaherpesviruses.
MATERIALS AND METHODS

Cells, viruses, and antibodies.
The herpesviruses used in the present study are listed in Table 1 . They were propagated in Madin-Darby bovine kidney (MDBK; ATCC CCL-22) cells grown in Earle minimal essential medium (MEM; Invitrogen S.A., Merelbeke, Belgium) supplemented with PS (penicillin [5,000 U/ml] and streptomycin [5,000 g/ml]; Invitrogen S.A., Merelbeke, Belgium) and 5% heat-inactivated fetal bovine serum (BioWhittaker, Verviers, Belgium). For transfections, bovine pharyngeal cell line 244 (KOP-R [provided by the Veterinary Medecine, Insel Riems, Germany, collection of cell lines]) were used. KOP-R cells were grown in Dulbecco modified Eagle medium supplemented with PS and 10% heat-inactivated fetal bovine serum. The construction of recombinant viruses BoHV-1.2/⌬gC-GFP, BoHV-1.2/⌬gI-RFP, and BoHV-1.2/ ⌬gC-GFP-⌬gI-RFP is described below. Viral stocks were produced by infection of confluent MDBK cells at a multiplicity of infection (MOI) of 0.1 in MEM supplemented with PS and 3% heatinactivated horse serum (BioWhittaker). When the cytopathic effect (CPE) reached 90%, the culture medium was removed and clarified by centrifugation (1,500 ϫ g) for 20 min. The supernatants were divided into aliquots, frozen at Ϫ80°C, and titrated by plaque assay on MDBK cells as previously described (31) .
The BH35 MAb is directed against BoHV-1 gE (2). MAb 1507 recognizes BoHV-1 gC (36) . MAb 2F12 recognizes the BoHV-1 gE/gI complex (32) . Two BoHV-5 specific MAbs (1624 and 2915) were used.
Construction of plasmids. All cloning procedures were performed according to the method of Sambrook et al. (48) . Plasmid piegC contains a HindIII-NcoI fragment isolated from the EcoRI D fragment of genomic BoHV-1 DNA (nucleotides [nt] 15007 to 18212 of the BoHV-1 genome sequence, accession number AJ004801). The HindIII-NcoI fragment contains the BoHV-1 gC ORF (complement of nt 18209 to 16683) from strain Schönböken (obtained from O. C. Straub, Tübingen, Germany) cloned into pie (30) . The region from nt 16626 to 17465 was removed from plasmid piegC by cleavage with BsrGI. The residual plasmid was blunt ended and used for the integration of the blunt-ended 1,640-bp AseI-AflII fragment from pEGFP-N1 (Clontech) that contains the entire GFP expression unit. In the resulting plasmid p⌬gC-GFP, the transcription of the GFP open reading frame (ORF) occurs in the same direction as the gC transcription in the BoHV-1 genome (see also Fig. 1 ). Plasmid pPromi (30) contains sequences that enable homologous recombination downstream and upstream gI. Plasmid pPromiRFP was obtained by integration of the RFP ORF, isolated after cleavage of pDsRed-1 (Clontech) with BglII and NotI into the BglII and NotI-cleaved BoHV-1 recombination vector pPromi (30) . In the plasmid pPromiRFP, the transcription of the RFP ORF is under control of the murine cytomegalovirus immediate-early 1 promoter in the same direction as the gI transcription in the BoHV-1 genome (see also Fig. 1 ).
Construction of recombinant virus. KOP-R cells were cotransfected with 5 g of recombination plasmid and 1 g of purified BoHV-1 DNA as previously described (18) . Progeny viruses from the culture supernatants were titrated on KOP-R cells. Cultures were incubated under a 0.6% agarose overlay until plaques appeared. Infected autofluorescent cells were isolated by aspiration, resuspended in culture medium, frozen at Ϫ70°C, and then thawed, and recombinant viruses were further plaque purified to homogeneity. The correct insertion of the respective expression cassettes was verified by Southern blot hybridization of HindIII-digested DNA isolated from infected cells. BoHV-1.2/⌬gC-GFP was isolated after cotransfection of BoHV-1/Aus12 DNA (18) with p⌬gC-GFP, and BoHV-1.2/⌬gI-RFP was generated by cotransfection of BoHV-1/80-221 DNA (18) with pPromiRFP. Cotransfection of BoHV-1/⌬gC-GFP DNA with pPromiRFP led to the isolation of BoHV-1.2/⌬gC-GFP-⌬gI-RFP.
Interspecific coinfections. Five experiments of coinfection were performed (BoHV-1.2/⌬gC-GFP-⌬gI-RFP with BoHV-1.1, BoHV-5, CvHV-2, CpHV-1, and BoHV-1.2 wt as a control). Monolayers of MDBK cells prepared in 24-well plates were coinfected with the different couples of viruses at an MOI of 10. Virus attachment was allowed for 2 h at 4°C. Cells were then further incubated at 37°C. At 2 h after the temperature shift, the cells were washed twice with MEM and further incubated at 37°C in 1 ml of MEM supplemented with PS and 2% heat-inactivated horse serum. At 24 h after the temperature shift (when the monolayers showed extensive CPE), the culture medium was removed, clarified twice by centrifugation (1,000 ϫ g), divided into aliquots, and stored at Ϫ80°C. Temporally separated coinfections with BoHV-1, CvHV-2, and CpHV-1 were carried out as previously described with BoHV-1 (39) . Isolation and screening of progeny viruses resulting from coinfections. An aliquot of the supernatant from each situation of coinfection was diluted serially in MEM containing PS to identify the appropriate dilution for individual plaque isolation. After mild sonication, each dilution was used to infect MDBK monolayers cultured in six-well plates (Multiwell; Becton Dickinson). After a 1-h incubation at 37°C, the supernatant was removed and cell monolayers were overlaid with MEM containing PS, 1% (wt/vol) agarose (Agar Bacteriological; Oxoid) and 10% bovine serum containing BoHV-1 neutralizing antibodies. After 72 h of incubation, individual plaques were picked and propagated by inoculation of MDBK cells grown in 24-well plates with MEM containing PS and 2% horse serum. For each coinfection, 50 progeny viruses were propagated. This experiment was repeated three times. When the CPE reached 50%, cells infected by each virus were observed with a TCS SP confocal microscope (Leica) in order to classify progeny viruses. After recombination, progeny viruses were characterized as parental (GFP ϩ /RFP ϩ and GFP Ϫ /RFP Ϫ ) or recombinant (GFP ϩ /RFP Ϫ and GFP Ϫ /RFP ϩ ). When the CPE reached 90%, supernatant aliquots were stored at Ϫ80°C. Sequence analysis. The following previously published sequences were used in the present study: BoHV-1 complete genome (NCBI accession number NC001847), BoHV-5 complete genome (GenBank accession number AY261359) (11), HSV-1 complete genome (NCBI accession number NC001806), and HSV-2 complete genome (EMBL accession number Z86099) (13) . The sequences were compared by using the Stretcher program (which finds the best global alignment between two sequences) (http://www.be.embnet.org/EMBOSS/). Virus growth analysis. MDBK cells were infected with the respective viruses at MOIs of 0.1 and 5. After 2 h at 4°C, prewarmed medium was added, and cells were further incubated for 2 h at 37°C to allow virus penetration. The inoculum was then removed, and the cells were washed twice with MEM and overlaid with fresh MEM supplemented with PS and 2% heat-inactivated horse serum. Immediately thereafter and after 6, 12, 24, 36, and 48 h (MOI ϭ 0.1) and 6, 12, 15, 18, and 24 h (MOI ϭ 5) of incubation at 37°C, the culture medium was removed and clarified twice by centrifugation (1,000 ϫ g). Viral titers were determined by plaque assays on MDBK cells.
Penetration kinetics. The penetration kinetics of parental viruses were determined as described previously (38) by using low-pH inactivation of extracellular virions at different times after a shift of infected cells from 4 to 37°C.
Immunofluorescence assay. In order to develop a specific immunofluorescence assay for BoHV-1.2 and BoHV-5, MAbs were first selected by flow cytometric analysis as previously described (28) .
An immunofluorescence assay was performed as described by Schynts et al. (51) with minor modifications. Briefly, MDBK cells grown on glass coverslips (Assistent) were infected with the different viruses and incubated for 48 h in MEM containing 4% HS and 0.6% carboxymethyl cellulose. The coverslips with individual plaques were fixed in phosphate-buffered saline containing 2% (wt/ vol) paraformaldehyde and incubated with undiluted hybridoma supernatant or 1,000-fold-diluted ascitic fluid in phosphate-buffered saline containing 10% fetal bovine serum. Bound antibodies were revealed by fluorescein isothiocyanateconjugated rabbit immunoglobulins anti-mouse immunoglobulin G (2 g/ml;
Dako) for RFP recombinant viruses, whereas GFP recombinant viruses were revealed by Alexa Fluor 568-conjugated rabbit immunoglobulins anti-mouse immunoglobulin G (2 mg/ml; Molecular Probes). Coverslips were mounted by using the Prolong Antifade kit (Molecular Probes Europe BV, Leiden, The Netherlands).
Preparation of extracellular virion DNA. MDBK cells were cultured in six-well plates, infected with viruses at an MOI of 5 in MEM supplemented with PS and 2% heat-inactivated horse serum, and incubated at 37°C for 30 h. For the preparation of virion DNA, infected cell culture medium was clarified twice by centrifugation (1,000 ϫ g), and virions were pelleted by ultracentrifugation (100,000 ϫ g) of the supernatant for 2 h at 4°C. Pellets were resuspended in TE (10 mM Tris [pH 8.0], 1 mM EDTA) and gently mixed with an equal volume of molten (50°C) 2% low-melting-point preparative-grade agarose (Bio-Rad) in TE and cast into plug molds (Bio-Rad) so that each agarose plug contained virions derived from the supernatant of one well of a six-well plate.
Restriction enzyme analysis. Restriction endonucleases (HindIII, EcoRI, and BamHI) were purchased from New England Biolabs, England, United Kingdom. Digestions and analysis of digestion products by pulsed-field gel electrophoresis were carried out as previously described (53) . SmartLadder (1 kb; Eurogentec), Pulse Marker (0.1 to 200 kb; Sigma), and Pulse Marker (50 to 1,000 kb; Sigma) were used as molecular mass markers.
RESULTS
Isolation of recombinant viruses between BoHV-1 and related ruminant alphaherpesviruses.
To assess recombination between BoHV-1.2 and four related alphaherpesviruses (BoHV-1.1, BoHV-5, CvHV-2, and CpHV-1), MDBK cells were coinfected with both BoHV-1.2/⌬gC-GFP-⌬gI-RFP (GFP ϩ /RFP ϩ ), and wild-type viruses (GFP Ϫ /RFP Ϫ ). Coinfection with BoHV-1.2 wild type was performed as a control. After an incubation of 24 h, 50 individual progeny viruses were isolated from the supernatant and characterized as parental (GFP Ϫ /RFP Ϫ and GFP ϩ /RFP ϩ ) or recombinant (GFP ϩ / RFP Ϫ and GFP Ϫ /RFP ϩ ) viruses. This methodology was used to determine the relative proportions, expressed as a percentage of the total number of isolates, of the four possible progeny populations (parental and recombinant) ( Fig. 2) . Between BoHV-1.2 and BoHV-1.2, as well as between BoHV-1.2 and BoHV-1.1, ca. 25% of progeny viruses were characterized as recombinants (GFP ϩ /RFP Ϫ and GFP Ϫ /RFP ϩ ), confirming previous results that demonstrated frequent recombination events between strains of BoHV-1 (39, 52) (Fig. 2) . In contrast, recombinant viruses between BoHV-1 and another alphaherpesvirus species, such as BoHV-5, were not numerous. Indeed, only two recombinant isolates (of 150 viruses) were isolated ( Fig. 2) , one of which was GFP ϩ /RFP Ϫ , whereas the other was GFP Ϫ /RFP ϩ . This observation is the first evidence of interspecific recombination between ruminant alphaherpesviruses. In contrast, we did not isolate interspecific recombinants between BoHV-1.2 and CvHV-2 and between BoHV-1.2 and CpHV-1 (Fig. 2) .
Except with BoHV-1.2/BoHV-1.1 coinfection where GFP ϩ / RFP ϩ progeny viruses were numerous (43%), a majority of the progeny viruses were GFP Ϫ /RFP Ϫ as wild-type viruses. This observation is obvious with BoHV-1.2/CvHV-2 coinfection, where GFP Ϫ /RFP Ϫ viruses represented 94% of progeny viruses (Fig. 2) .
Temporal separation of infections did not allow recombination between BoHV-1 and CvHV-2. In view of previous work dealing with parameters influencing recombination, it is worth mentioning that sequence homologies and simultaneity of infections are of primary importance (21, 39) . As reported above, we did not detect any recombinant virus between BoHV-1 and CvHV-2, as well as CpHV-1 (Fig. 2 ). Since the absence of detection of interspecific recombinants could be due to phase displacement between their viral cycles, we decided to assess the penetration and growth kinetics of parental viruses, two parameters that can drastically influence the encounter of the different viral genomes in cells.
Although BoHV-5 and BoHV-1.2/⌬gC-GFP-⌬gI-RFP entered cells at a rate similar to wt BoHV-1.1 and 1.2, CvHV-2 and CpHV-1 exhibited different rates of viral penetration (Fig.  3 ). After 20 min, when ca. 20 to 30% of the bovine herpesviruses had entered the cells, almost 70% of CvHV-2 had become protected against low-pH inactivation (Fig. 3 ). After 60 min, when ca. 85% of the bovine and cervine herpesviruses had entered, only 55% of CpHV-1 had become protected (Fig. 3) . Although its penetration behavior was similar, BoHV-1.2 globally entered cells faster than BoHV-1.1. The penetration rates of mutant BoHV-1.2/⌬gC-GFP-⌬gI-RFP are slightly lower than the one of wild-type BoHV-1.
Virus growth experiments were conducted to analyze the kinetics of parental viruses. At the indicated time points after infection at an MOI of 5 ( Fig. 4) and at an MOI of 0.1 (data not shown), progeny viruses were titrated on MDBK cells to provide equal growth conditions for all viruses. BoHV-1.2/ ⌬gC-GFP-⌬gI-RFP exhibited a growth deficiency (Fig. 4) . Although the duration of eclipse phase and increase in virus titer were similar for all viruses obtained, titers were lower for the mutant virus. The highest titers were detected for BoHV-1.2, and intermediate titers were detected for cervine and caprine herpesviruses ( Fig. 4 ).
According to these results, time-delayed infections were carried out in order to increase the probability to generate recombinant viruses between BoHV-1 and CvHV-2 and CpHV-1. A time interval of 2 h was selected between infection with BoHV-1.2/⌬gC-GFP-⌬gI-RFP and CvHV-2, which entered cells rapidly. This delay between infections drastically decreased the percentages of GFP Ϫ /RFP Ϫ progeny viruses. However, even if percentages of GFP ϩ /RFP ϩ and GFP Ϫ / RFP Ϫ viruses were nearly equal, we did not detect any recom- (Table 2 ) and subsequently used for the analysis of the two recombinant viruses. The first recombinant (R1), which contained the GFP expression unit, did not react with MAbs specific for BoHV-1, but did react with the BoHV-5-specific MAb 1625. In contrast, cells infected with the second recombinant (R2), possessing the RFP expression unit, were clearly stained by BH35, specific for BoHV-1 gE, and also by 2915, specific for BoHV-5 gC. As expected, R1 did not react with MAb 2915 since GFP was inserted in place of gC in parental virus BoHV-1.2/⌬gC-GFP Ϫ ⌬gI-RFP. Taken together, these results prove the mixed character (BoHV-1/ BoHV-5) of R1 and R2, respectively.
Characterization of interspecific recombinant viruses by restriction analysis. In order to further characterize R1 and R2, we chose to compare restriction enzyme cleavage patterns of R1 and R2 to those of parental viruses. Three restriction enzymes were selected: HindIII (Fig. 6) , EcoRI, and BamHI (data not shown). The restriction fragment pattern of recombinant R1 (track R1) was close to that of BoHV-5 (track 2), whereas the fragment pattern of R2 (track R2) resembled the HindIII fragments generated from the DNA of BoHV-1.2/⌬gC-GFP-⌬gI-RFP, BoHV-1.2/⌬gC-GFP, or BoHV-1.2/⌬gI-RFP (track 1, 3, or 4, respectively). Comparable results were obtained by using EcoRI or BamHI (data not shown). Consequently, virus R1, containing the GFP gene, had a restriction pattern similar to BoHV-5, whereas virus R2 (GFP Ϫ /RFP ϩ ) had a pattern close to BoHV-1, suggesting that R1 had a BoHV-5 genetic background with integration of the GFP gene coming from BoHV-1.2/⌬gC-GFP-⌬gI-RFP and that R2 was generated by integration of BoHV-5 sequences into BoHV-1 (Fig. 7) .
DISCUSSION
We present here the first evidence of in vitro interspecific recombination between BoHV-1 and BoHV-5 after coinfections. Two recombinant viruses were isolated among progeny viruses resulting from coinfections between these viral species. In contrast, we did not detect any recombinant virus between BoHV-1 and other closely related viruses such as CvHV-2 and CpHV-1. This result probably reflects the lower nucleic acid sequence homology between BoHV-1 and CvHV-2 or CpHV-1 compared to that of BoHV-1 and BoHV-5 (82.3%) (11, 46, 47) . Since genomes of CpHV-1 and CvHV-2 have not been completely sequenced, phylogenetic trees of ruminant alphaherpesviruses were based on gB and gD nucleotide sequences analysis by either the neighbor-joining or the parsimony methods. It revealed that BoHV-5 is the most closely related virus to the BoHV-1.1 and BoHV-1.2 cluster (identity of 98.1% for gB) and that CpHV-1 is the most distantly related (89% for gB) (46) . CvHV-2 appeared to be more closely related to BoHV-1 (92.3% for gB) and BoHV-5 than to CpHV-1 (88.2% for gB) (46) . However, under the conditions described here, although unlikely, recombination between these viruses and BoHV-1 cannot be completely ruled out. In addition, 26% of recombinant viruses were isolated from coinfections with the same or different subtypes of BoHV-1, a finding which is in agreement with previously published results (39, 52) .
Because two crossovers between GFP and RFP markers, for example, can produce recombinant viruses with parental phenotypes (GFP ϩ /RFP ϩ and GFP Ϫ /RFP Ϫ ), the question of "invisible recombinants" needs to be addressed, especially in coinfections involving CvHV-2 and CpHV-1. Even if double crossover cannot be ruled out, there is little likelihood of their existence between distantly located markers, respectively, situated in the unique long (at the beginning) and the unique short genome segments. Indeed, as previously described in HSV-1 and HSV-2 (5), these events are less frequent than simple crossovers, which are undetectable between selected markers under the conditions described here. Moreover, in a previous study (39) , the decrease in the frequency of the recombinant phenotype was strongly linked to the disappearance of mixed concatemeric DNA (mixed concatemers result from recombination events between two parental BoHV-1 genomes). Nevertheless, since virus screening was applied only on viable progeny viruses in the present study, without complete sequencing of their genomes, further investigations are needed to completely address the issue of "invisible recombinants." It is also of particular interest to investigate interspe-cific recombination at the level of replication by the study of concatemers, especially since this methodology has been successfully used previously to assess recombination between alphaherpesviruses (39, 55) . Furthermore, studying concatemers avoids bias introduced in the detection of recombinants by nonviable recombinants and dominance between progeny viruses.
The lack of detection of interspecific recombinants could be due to a strong stimulation of alpha/beta interferon (IFN-␣/␤), especially IFN-␤, in the context of a high MOI. However, it probably did not influence the emergence of recombinants. First, with a high MOI, all of the cells were infected at the same time, allowing a single viral cycle. Consequently, IFN-␤ could not influence the generation of new viruses. Second, our experimental protocol included further dilutions of the progeny viruses (by 10 Ϫ6 ), and IFN was also diluted by the same way. Its concentration was therefore assumed to be very low. Moreover, BoHV-1 and related viruses are relatively resistant to IFN-␤ (1, 9, 49) .
Specific MAbs analysis coupled to restriction analysis clearly demonstrated the double nature of the two BoHV-1/BoHV-5 recombinant viruses. Indeed, the first one possesses a BoHV-5 pattern containing a BoHV-5 epitope and a GFP gene from BoHV-1 in place of gC, whereas the second one has a BoHV-1 pattern containing a BoHV-5 gC epitope and an RFP gene in place of gI. This shows that the generated recombinants possess characters deriving from both parental viruses with, apparently, only short stretches of "foreign" DNA transferred between their genomes. The survival of mutants with relatively short distances between two potential crossovers might be favored. It is noteworthy that all of the recombinants (BoHV-1.2/1.2wt and BoHV-1.2/1.1 included [data not shown]) differ in the particular combination of their phenotypes as previously described in studies dealing with HSV-1/HSV-2 interspecific recombinants (22, 23, 72) . However, according to restriction patterns and antibody analysis, single crossover could be located near the GFP marker ( Fig. 7) . To definitely assess the possibility of double or multiple crossovers along the genome in the generation of recombinant viruses, partial sequencing of parental (slightly different from published genomes) and complete sequencing of recombinant viruses are then required.
The method described here was used for a first assessment of recombination between related alphaherpesviruses. It allowed us to analyze more than 1,000 progeny viruses in a short period of time. Five types of coinfection involving BoHV-1.2 were carried out under identical experimental conditions. This is the first time that recombination has been studied among a group of genetically related alphaherpesviruses that can naturally coinfect the same animal. This group of cross-related viruses is unique among alphaherpesviruses. Previously, recombination has been studied in vitro and in vivo between HSV-1 and HSV-2, two closely related human alphaherpesviruses (22, 23, 61, 72) , and between HSV-1 and BoHV-2 or HSV-1 and PrV (23) . Consequently, the present study completes the previous studies. Recombination was assessed between viruses showing lower and higher sequence homologies than those observed between HSV-1 and HSV-2 and between HSV-1 and BoHV-2. Interspecific recombinant viruses were isolated between HSV-1 and HSV-2, whereas no recombination events were reported between HSV-1 and BoHV-2 or PrV (22, 23, 61, 72) . Despite the higher degree of nucleic acid homology (BoHV-1 and BoHV-5, 82.3%; HSV-1 and HSV-2, 75%), BoHV-5 did not recombine more with BoHV-1 than HSV-1 did with HSV-2. More interestingly, our results show that with a couple of ruminant viruses that are less closely related (BoHV-1/CvHV-2 and BoHV-1/CpHV-1), recombinants events cannot be detected. As observed previously with RNA viruses (29, 71) , sequence homology between potentially recombining genomes is a very important physical constraint concerning homologous recombination. However, even if it is probably the main factor influencing recombination, other factors that could be implied should also be considered, particularly those affecting the distribution of different viruses to common target cells and thereby limiting or increasing the likelihood of cellular coinfections. Coinfections could be blocked by host factors (i.e., immune response that keeps virus populations small enough to prevent multiple infection of any individual cell), host cell genetic factors that block the entry of more than one virus particle into a cell, and viral factors. In vivo, some of these factors include (i) the dose of the inoculated viruses, (ii) the distance between inoculation sites, (iii) the time interval between inoculation of the first and the second virus, and (iv) the genes in which the mutations are located (21, 39) . It has recently been reported that the time interval drastically influences the rise of BoHV-1 recombinant viruses in vitro (39) . Indeed, a short time interval of 2 or 4 h already influenced the percentages of recombinant and parental progeny viruses (39) . Since the penetration and growth kinetics of some parental viruses are very different, especially for CvHV-2, which enters cells very rapidly, a certain influence of these parameters on the recombination events can be assumed. Nevertheless, in the case of coinfection involving BoHV-1 and CvHV-2, an increase in the time interval did not overcome the barrier to interspecific recombination. Penetration and growth kinetics in bovine epithelial cells showed significant differences among parental viruses. The alphaherpesvirus envelope contains five glycoproteins with defined roles in viral penetration (33, 50) . BoHV-1 cell binding is principally mediated by gC but also by gB and gD (7, 33, 50, 56) . At least four different viral glycoproteins (gB, gD, gH, and gL) and a gD receptor (HveC, a cell adhesion molecule more commonly called nectin 1) are required for the BoHV-1-induced membrane fusion that enables viral entry and cell fusion (7, 33, 50, 56) . Because very little is known about gD receptors presented on bovine epithelial cells or about glycoproteins of related ruminant alphaherpesviruses, we can only postulate the implication of these elements in penetration and growth kinetic differences. Another possible explanation could reside in viral cycles, which show differences between related ruminant alphaherpesviruses as described, for example, with CpHV-1, the gD of which is expressed as a late protein unlike BoHV-1 (V. Keuser, B. Detry, F. Schynts, P.-P. Pastoret, A. Vanderplasschen, and E. Thiry, unpublished data).
Since the isolation of BoHV-1/BoHV-5 interspecific recombinants in the laboratory and the in vitro and in vivo generation of HSV-1/HSV-2 interspecific recombinants was relatively easy, there is no reason per se why such recombinants could not arise under natural conditions. The generation of interspecific recombinant viruses during an infection could have important epidemiological consequences when a mixed infection with different viruses is possible, as in the case with BoHV-1. Indeed, all of the related ruminant herpesviruses described above are able to cross the species barrier and establish infection in heterologous animal species so that they can encounter each other naturally (41, 54, 59, 62, 63) . Thus far, there is no convincing evidence that any interspecific recombinant has been isolated. Moreover, under the experimental conditions used here, interspecific recombinants have been isolated from mixed infections at high MOIs (10) , and such a situation is unlikely to occur under natural conditions. However, it is important to stress that a single BoHV-1 interspecific recombinant, keeping virulence and acquiring characteristics of a related alphaherpesvirus, i.e., gE Ϫ genotype of BoHV-1 vaccinal strains, would be enough to severely impair control programs based on vaccination. In this context, future research on BoHV-1/BoHV-5 recombinants in vivo will be of particular interest to evaluate the risk generated by these new viruses in the field.
All of the viruses selected in this study establish, in their specific hosts, a latent infection in a similar manner as BoHV-1 (6, 15, 45, 68) . Latency could influence recombination in vivo. Indeed, interspecific recombination could occur during primary coinfection but also after reactivation and reexcretion of one or both viruses. Latency increases the likelihood of cellular coinfection, which enables recombination between viruses. Nevertheless, since marked differences in invasiveness and virulence have been described between viruses, different patterns of distribution of viral DNA in tissue can occur and probably influence the likelihood of coinfection. Moreover, it was demonstrated that a single host can support the latent infection of two distinguishable BoHV-1 strains (69) and that a single neuron can be dually infected with HSV-1 and varicella-zoster virus (58) . Additional investigations are needed to assess the impact of latency on interspecific recombination. For example, it will be of particular interest to study the distribution and consequent probabilities of coinfection of related alphaherpesviruses in the same animal.
In conclusion, the present study is the first to investigate the rise of interspecific recombinants in a group of related alphaherpesviruses that can naturally encounter each other. It detects, for the first time, interspecific recombinants between BoHV-1 and BoHV-5 after coinfection. It suggests the crucial importance of nucleic acid sequence homologies in the rise of interspecific recombinants and highlights the potential consequences of interspecific recombination in the context of a BoHV-1 eradication scheme.
